Wheat irrigated with nutrient solutions containing 0, 0.2, 0.5, 1, 2, or 6 millimolar K' had maximum photosynthetic rates at 1 to 2 millimolar K+ concentrations. Rates in the 6 millimolar Ktgrown plants were not higher than the 2 millimolar K -grown wheat, and rates were inhibited below 0.5 millimolar KV. Photosynthesis was measured by both attached whole leaf CO2 uptake and by '4C02 fixation of leaf slices in solution.
Inhibition of photosynthesis in isolated chloroplasts, protoplasts, and leaf slices by dehydration in hypertonic solutions (4, 16) and determination of stomatal and mesophyll (i.e. biochemical) limitation to CO2 uptake in leaves of water-stressed plants (15) indicate that nonstomatal factors can contribute substantially to decreased photosynthetic rates during water stress. Several groups of investigators have attempted to characterize the mechanism(s) mediating inhibition of chloroplast metabolism by water stress in subcellular studies (2, 6, 16) . The results of these in vitro studies indicate that perturbations in the ionic milieu of the stroma may play an important role in me- ' diating water stress inhibition of the photosynthetic process.
One line of evidence suggests that the stromal pH is too low to support optimal photosynthetic rates in dehydrated plastids, and that cellular processes which facilitate stromal alkalization may modulate stress effects on chloroplasts. Inhibition of photosynthesis of isolated chloroplasts in hypertonic medium was partially reversed by addition of K+ and NH4Cl (2, 3) , which raise stromal pH (13, 20) . Berkowitz and Whalen (5) found that photosynthesis of leaf slices prepared from K+-deficient spinach was more sensitive to in vitro dehydration than leaf slices of control plants. The response of K+ appeared to be mediated by extrachloroplastic factors, since dehydration inhibited photosynthesis of chloroplasts isolated from control and K+-deficient plants to the same degree. These results suggest that raising the extrachloroplastic K+ concentration in plant cells by supplying the plant with excess K+ could possibly reduce water stress inhibition of photosynthesis.
Many crop plants, when supplied with excess K+ fertilization below levels which would induce 'salt' or osmotic stress effects on water uptake, can accumulate superoptimal leaf K+ without deleterious effects on cell metabolism. In this study, wheat plants were supplied with a range of nutrient solution K+ concentrations, and photosynthesis was measured on whole leaves in waterstressed plants and on leaf slices dehydrated in hypertonic medium to determine the effect of altered cellular K+ levels on photosynthesis. The leaf slice procedure allows study of water stress effects with stomatal limitation to photosynthesis obviated, but with plastids still exposed to the in vivo regulation which occurs in the intact cell. Photosynthetic measurements of attached whole leaves were used to determine whether the leaf slice results were applicable at the whole plant level. The mechanism by which altered cellular K+ modulates water stress effects on photosynthesis was studied using oligomycin. Oligomycin has been shown to inhibit the chloroplast envelope ATPase which facilitates and/or interacts with (either directly or indirectly) K+/ H+ exchange across the limiting membrane of the plastid (20 (21) and then transferred to a 2 1 beaker and shaken slowly in a 30C water bath under light (50 ,umol/m2 . s) filtered through 5 cm of water. The leaf slices were digested for about 1 h (until the slices became translucent and the digest solution was green). The protoplast preparation was filtered through a 600 m and then a 150 um mesh nylon net into centrifuge tubes on ice.
The slices were then rinsed twice with 20 ml of wash medium (0.5 M sorbitol, I mM CaCl2, 5 mm Mes-NaOH [pH 6 .0]). The digest and wash media filtrate were centrifuged (all centrifugations were in a swinging bucket rotor) at 250g for 5 min in 50 ml tubes. The pellet was gently resuspended in 6 ml of wash medium with 10% (v/v) Dextran T-500 (Pharmacia). Six ml of wash medium with 5% Dextran was carefully overlayered, and then 1 ml of wash medium layered onto the step gradient. After centrifugation at 485g for 5 min, the protoplasts were collected from the band formed between the top two layers of the step POTASSIUM AND WATER STRESS EFFECTS ON PHOTOSYNTIIESIS gradient, washed in 20 ml of wash medium (370g for 5 min), and resuspended in a minimum volume of wash medium.
Chloroplast Isolation. A 200 ,l aliquot from the protoplast preparation was added to 5 ml of wash medium and centrifuged at 250g for 5 min. The pellet was resuspended in 800 ,l of chloroplast medium consisting of 0.5 M sorbitol, 1 mM Na2EDTA, and 5 mm Hepes-NaOH (pH 7.6). This preparation was sucked up and ejected six times through a 10 gm mesh nylon net fitted over the tip of a 1 ml plastic disposable syringe. The released chloroplasts were centrifuged at 250g for 90 s, and the pellet resuspended in 200 1u of chloroplast medium.
Chloroplast and Protoplast Volume and K' Determination. Chloroplast and protoplast volumes were determined following the double isotope measurement method of Heldt (14 sorbitol space from the 3H20 space gave the osmotic volume. The extrachloroplastic volume of the protoplasts was calculated as the difference between the stromal and protoplast osmotic volumes. 3H and '4C were determined using a TM Analytic liquid scintillation counter in the dual label mode with external standards ratio quench correction. Since K+ is known to leak out of isolated chloroplasts at high rates (8, 26) , the wire-net silicone oil centrifugation technique (29) was used to instantaneously isolate and separate chloroplasts from protoplasts for determination of chloroplast stromal K+.
Aliquots (100 pl) of protoplasts were layered onto silicone oil/ wire net tubes. These tubes were constructed as follows. Wash medium (30 ,ul) was layered onto 100 ,ul of silicone oil in 0.4 ml microfuge tubes which had their caps removed. The tips of 1 ml disposable syringes were cut off and used as protoplast reservoirs. Glue was placed around the end of the cutoff tip, a piece of nylon net (10 Am mesh) was placed over the end of the tip, and the syringe tip was forced into the microfuge tube. During centrifugation, chloroplasts are released as the protoplasts pass through the net. The plastids pass through the silicone oil layer, while the extrachloroplastic contents of the protoplasts stay in the wash medium layer above the oil. Total protoplast K+ was determined by microcentrifuging protoplasts (100 ul) through 100 1l silicone oil. Compartmentalized and total protoplast K+ was ascertained by measuring the K+ in fractions above and below the silicone layer. The silicone oil used for all experiments was a mixture with a ratio (by weight) of 0. (Fig. IC) . The leaf K4 concentration at 6 mm K4 was almost double that at 2 mM K4, so the similar rates of photosynthesis (Fig. IA ) at 2 and 6 mM K4 were not due to similar K4 concentrations in the leaf. The results of leaf slice photosynthesis with K+-treated wheat showed trends similar to that of whole leaf photosynthesis (Fig.   2) . Rates of CO2 fixation by leaf slices were inhibited below 0.5 mM K+, and rates at 2 and 6 mM K4 were the same.
The minimum K4 required for optimum photosynthesis in a number of crops was similar to that found with wheat. For photosynthesis, threshold levels of K4 concentration in the nutrient solution were between 0.3 to 1.2 mm for Phaeseolus vulgaris L. (24), 0.8 mm K4 for Gossypium hirsutum L. (19) , and 0.5 mM K4 for Zea mays L. (10) . Photosynthesis remained constant or changed only slightly above these threshold K4 concentrations. Net carbon exchange of Beta vulgaris L. leaves was the same at fertilization levels of 2 and 10 mm K+, further indicating that K4 concentrations above an optimal level do not alter photosynthetic rates ( 12) . Threshold levels of leaf tissue K4 for optimal photosynthesis occurred at 1.5 to 2.0% K4 in alfalfa leaves (corresponding to approximately 45 to 60 mM K+) (7), 1% in P. vulgaris L. (24) , and 1.5 to 2.0% in corn (10, 28) , similar to the results in this study with wheat, in which the threshold leaf K+ concentration for photosynthesis occurred between 35 and 80 mm K+ (Fig. 1, A and C) . These data indicate that plants supplied with extra K+ can drastically alter leafK4 concentration without affecting photosynthesis under well-watered conditions. For subsequent studies, 0.2, 2, and 6 mm K+ were used to give suboptimal, optimaj, and superoptimal leaf K+ concentrations for photosynthesis, respectively.
Photosynthesis of Dehydrated Leaf Slices. The results of 14C02 fixation by leaf slices taken from K4-treated plants and dehydrated by exposure to assay media of various water potentials are shown in Figure 3 . The 0.2 mm K4-grown wheat was most sensitive to dehydration. Photosynthetic rates decreased with the first decrease in water potential, and at -3.11 MPa rates had decreased by 35% from the highest rate at 0 MPa. Berkowitz and Whalen (5) found that photosynthesis of leaf slices from spinach depleted of K4 was more susceptible to dehydration than control plants, similar to the results with wheat found here. The 2 mM K+-grown wheat was also sensitive to dehydration, although less so than the 0. Although the leaf slice photosynthetic rates of 6 mM K4 and 2 mM K+ wheat were similar at high *I', (Figs. 2 and 3) , the inhibitory effect of low *1" on photosynthesis was nearly eliminated in the presence of high leaf K+, as shown in Figure 3 . It should be noted that the inhibition of photosynthesis at low *'I in leaf slice experiments was not as great as that found in whole leaf, gas exchange studies (e.g. Table III ). As noted in the legend of Figure 4 , the Is of wheat leaves was about -1.7 to -1.9 MPa.
Therefore, exposure to solution *, of -3 MPa represented only a 1.1 to 1.3 MPa stress. Also, leaf photosynthesis was presumably monitored under saturating internal [CO2] , while this was not the case in the gas exchange studies (e.g. Table III ). These factors may have contributed to the apparent differences in whole leaf and leaf slice response to low ',,.
The K4 protective effect was studied using oligomycin (Table  I) , which has been shown to inhibit a chloroplast membrane ATPase which interacts with K+/H+ exchange across the envelope membrane (20) . The 2 mm K4 plant showed no change of inhibition under water stress in the presence of oligomycin. For the 6 mm K4 plant, however, the protective effect of the high K4 at low I' was lost in the presence of oligomycin, and photosynthesis was inhibited to almost the same degree as in the 2 mm K+ plant at low I,,. Since oligomycin is known to inhibit mitochondrial ATPase activity (25) piration of leaf slices were investigated using an 02 electrode. The results indicated that respiration was less than 10% ofcontrol photosynthesis (on a leaf area basis) and that oligomycin effects on respiration of 2 and 6 mm K+ leaf slices under high and low reaction media *, could not account for changes in photosynthesis in the presence of oligomycin (data not shown). Vanadate, a plasma membrane ATPase inhibitor (30) , and the ATPase inhibitor oubain (20) did not affect leaf slice photosynthesis of the 2 and 6 mm K+-grown wheat under control and water stress conditions (data not shown). It can be hypothesized that oligomycin was effective in reducing K+/H+ exchange across the chloroplast envelope, and this eliminated the protective effect of high K4 on chloroplast photosynthesis.
The mechanism of the K4 protective effect under water stress is indicated by several lines of evidence. Maury et al. (20) described the K+/H+ antiport on the chloroplast envelope membrane discussed above. In the presence of Mg2+, which activated the envelope ATPase, and at low extrachloroplastic K+, K+ moved out of the stroma of isolated chloroplasts in exchange for H+, causing stromal acidification which in turn inhibited photosynthesis. The reverse occurred at high extrachloroplastic K+, with K+ moving in and H4 out, preventing stromal acidification and restoring photosynthesis. Berkowitz and Gibbs (3) found that using the stromal alkalization agent NH4C1 to raise the stromal pH of isolated chloroplasts exposed to low '1', partially reversed the dehydration-induced inhibition of photosynthesis. These data suggest that suboptimal pH of the stroma during water stress was inhibiting photosynthesis. Last, the K4 protective effect appears to be extrachloroplastic, since chloroplasts isolated from control and K+-deficient plants were inhibited to the same extent by decreased '.. of the assay solution (5) .
These earlier studies and the results presented here suggest that the protective K4 effect in the 6 mm K4 plant may be due to increased exchange of extrachloroplastic K4 for stromal H4 during water stress, thus reversing the suboptimal stroma pH and restoring photosynthesis. The effect of oligomycin on leaf slice photosynthesis implies that the K4/H4 exchange and the subsequent stromal alkalization were reduced in the 6 mm K4 leaf slices during dehydration, allowing for dehydration-induced inhibition of photosynthesis similar to that in the 2 mm K4 tissue. The results of the oligomycin experiment (Table I) offer only indirect evidence to support the hypothesis that high leaf K4 reduced low '*. inhibition of photosynthesis due to increased K4 import and H4 export during dehydration. K4 and H4 fluxes under the conditions used to induce cell dehydration were not measured in this study. Therefore, our analysis of the oligomycin effect is preliminary. However, considering the results of the control experiments involving oligomycin effects on respiration, and our experiments with other ATPase inhibitors, which Maury et al. (20) found to have no effect on K4/H4 exchange across the a Differences between the leaf water potentials at the beginning and end of the stress cycle shown in Figure   4 . (Table II) . Wire-net silicone oil centrifugation techniques were used in these experiments to instantaneously sequester chloroplasts for K+ analysis as soon as they were liberated from protoplasts. Total protoplast K+ was estimated two different ways in these experiments; both are presented. In Table II , the 'Protoplast (chloroplast + extrachloroplastic) K+' figures refer to the pooling of K+ found in the chloroplast pellet and supernatant fractions of wire-net silicone oil centrifugation experiments. The Protoplast K+ figures refer to K+ assayed in the protoplast pellet from silicone oil centrifugation experiments. A comparison of these data indicates that the pooling of the two fractions (i.e. the chloroplast pellet and the reaction medium remaining above the oil) generated in the wire-net experiment yielded more cellular K+ than was obtained by separating protoplasts from the reaction medium. This discrepancy could be explained by slow leakage of K+ from the isolated protoplasts. This was unexpected, as previous studies have shown that isolated protoplasts retain endogenous K+ against leakage to the suspending media (18) . A comparison of the two measurements with the total leaf K+ determined for a particular treatment (Table II) indicates that the pooled totals for the 2 and 6 mm tissue are nearly identical to the leaf measurements. Therefore, this comparison supports the supposition of some degree of leakage from these protoplasts; about 28% in the case of 6 and 2 mM K+ protoplasts, and 54% with 0.2 mm K+ protoplasts. However, both sets of data show quite clearly the same effect; about a 60% increase in cellular K+ when K+ fertilization was increased from 2 to 6 mm. Protoplast (i.e. chloroplast and extrachloroplast) K+ concentration was found to be reduced by 50% in tissue prepared from 0.2 mm grown plants as compared to 2 mM grown plants in this experiment (Table II) . Analysis of leaf tissue (Table II) indicated that compared to 2 mM grown leaf tissue, 6 mm tissue K+ level was increased by 62% and 0.2 mM tissue K+ level decreased by 72%.
In contrast to whole protoplast K+ levels, chloroplast K+ concentration was not increased in well-watered leaves of 6 mm grown plants as compared to chloroplasts of 2 mM grown plants (Table II) . This indicates that the increase in protoplast K+ in 6 mm tissue was associated with an increase in extrachloroplastic K+, and the decrease in 0.2 mM protoplast K+ was associated with a decrease in extrachloroplastic K+ (Table II) . The data presented in Table II indicate that high K+ fertilization reverses the concentration gradient between chloroplastic and extrachloroplastic K+. Movement of K+ according to this concentration gradient from the cytoplasm to the chloroplast during cell dehydration could be responsible for high K+ protection of photosynthesis during cell dehydration (Fig. 2) , and could explain the reversal of this effect by oligomycin (Table I) . Studies of K+ deficiency indicate that cytoplasmic K+ concentration can be maintained with declining leaf K+, and alterations in leaf K+ due to low K+ feeding are often manifested in altered vacuole K+ (17) . However, high vacuole K+ is freely available to the cytoplasm (17) . Therefore, whether the extrachloroplastic cell K+ in 6 mm tissue (table II) was in the vacuole or cytoplasm, it would still be available for import into the chloroplast.
Whole Leaf Photosynthesis of Water-Stressed K+-Treated Wheat. In order to determine whether the protective effect of high K+ could be observed in whole plants, wheat plants grown on 0.2, 2, and 6 mm K+ were water stressed over an 8 d period (Fig. 4) . Leaf water potentials declined from -0.84, -1.02, and -1.07 MPa for 0.2, 2, and 6 mM K+ plants, respectively, to -1.59, -1.73, and -2.37 MPa during the 8 day stress cycle shown in Figure 4 . CO2 uptake by whole leaves under stress (Table III) showed responses similar to that of leaf slices at low *I'w (Fig. 3) . Under in situ water stress conditions, photosynthesis of the 0.2 mm K+-grown plants was inhibited 36.5% compared to the 2 mm K+ plants. Rates for the 6 mm K+ wheat, however, were enhanced by 66.2% over that of the 2 mM K+ plants, whereas under well-watered conditions, photosynthetic rates (Table III; Fig. IA) for the 2 and 6 mM K+ plants were similar. This photosynthetic rate enhancement occurred in 6 mM KI grown plants under water stress despite similar levels ofleafconductance in 2 and 6 mm K+-grown plants (Table III) . These data, then, indicate that high K+ enhancement of photosynthesis in waterstressed wheat plants is not mediated by altered stomatal response.
This experiment was repeated with a second set of plants
